Objectives-To explore the significance of the increase in urinary excretion of the lysosomal enzyme f-N-acetylglucosamini'dase (NAG) at low exposures to cadmium (Cd) that is frequently found in the absence of any other sign of renal dysfunction. Methods-The activity was measured of the two main isoenzymes of NAG (NAG-A secreted by exocytosis and NAG-B released with cell membranes) in the urine of 49 male workers employed in a Cd smelter and of 20 age matched controls. Results-An increased urinary excretion of low molecular weight proteins was noted only in subjects who excreted > 10 ,g Cd/g creatinine. The urinary activity of NAG-B showed a dose related increase that was already significant in the group excreting 0 5-2 ug Cd/g creatinine. In multiple regression analysis the NAG-B activity correlated with the excretion of Cd but not with that of lead or mercury. The NAG-A activity was by contrast unaffected by exposure to Cd but correlated with the urinary excretion of lead and copper. Conclusions-As NAG-B is considered to be the lesional form of NAG, the existence of a specific association between this enzyme and urinary Cd excretion with no detectable threshold suggests that this metal produces cellular alterations at exposures commonly found in the general population.
Cadmium (Cd) is a metal that accumulates and exerts a constellation of toxic effects on the kidney, which results in alterations of most indicators of nephrotoxicity.'-3 Because of intrinsic differences in their sensitivity or to the sequential involvement of specific sites of the nephron these indicators become abnormal at different stages of the Cd body burden. This variable response is reflected by the thresholds of the urinary excretion of Cd (CdU) associated with an increased probability of renal changes. For instance, three main groups of CdU thresholds have been recently identified3 4: one around 2 ,ug/g creatinine mainly associated with biochemical alterations; a second around 4,ug/g creatinine for the start of high molecular weight proteinuria and some cytotoxic signs (tubular antigens or enzymes), and a third around 10 ,ug/g creatinine for the development of tubular proteinuria. Effects associated with the 10 ,ug/g creatinine threshold are known to predict a faster decline of renal function with age.' By contrast, the relevance of effects that occur at lower thresholds in the pathogenesis of Cd nephropathy is much less clear. One of the markers presenting interpretative problems is the lysosomal enzyme, fl-N-acetylglucosaminidase (NAG). This enzyme has been shown to be a sensitive indicator of tubular toxicity in several situations that affect the kidneys.6 In subjects exposed to Cd abnormally increased values are detected above a CdU threshold that varies between 4 and 6 ,ug Cd/g creatinine.'75 Several studies, however, have reported that the activity of NAG in urine positively correlates with that of Cd at unexpectedly low exposures (in some cases < 2 ,ug/g creatinine).9-'' To gain insight into the biological significance of this association we have measured the activity of the two main isoenzymes of NAG-the isoenzyme A excreted in urine by exocytosis (functional form) and the isoenzyme B released into the urine after breakdown of tubular cells (cytotoxic form)'1'6 in the urine of 49 Cd smelter workers and 20 control subjects. The relations between these isoenzymes and the urinary concentrations of Cd, lead, and mercury were examined.
Materials and methods

SUBJECTS AND EXPOSURE
The study was conducted on a group of 52 male workers aged Age (y) 37-4 (9-5) 33-6 (6-9) 38-1 (9-6) 39 9 (6-9) 34-7 (7-6) 7-7 (4A4-45-5) 6-3 (4-4-8-9) 7-6 (4-9-13-2)
Values are geometric with range except for age (mean (SD)).
*Significandy different from the group with CdU < 0-5,ug/g creatinine; tug/g creatinine; tmg/g creatinine.
buffered at pH 7 
Results
As the distributions of CdU of smelter workers and controls greatly overlapped, the two groups were combined and redistributed in five groups of CdU (< 0-5, 0-5-< 2, 2-< 5, 5-< 10, and > 10 ,ug/g creatinine). The table shows that only the group with CdU > 10 pg/g creatinine presented signs of proximal tubular impairment with an increased urinary excretion of /,h-microglobulin, RBP, and a,-microglobulin. This group also excreted more copper. The urinary excretion of NAG-B showed a dose-dependent increase that was already significant in the group with CdU between 0-5 and 2 pg/g creatinine (fig 1) . The excretion of NAG-A by contrast was remarkably similar between the five groups with no tendency to rise with CdU. The five subgroups excreted on the average similar amounts of lead, mercury, and albumin. In the total population, all renal variables with the exception of NAG-A and albumin correlated significantly with CdU (P < 0-005). When the population was restricted to subjects with CdU < 10 ,ig/g creatinine, only a,-microglobulin and NAG-B were still correlated, and with CdU < 5 ,ug/g creatinine, NAG-B was the only marker to maintain a significant association with CdU. In the < 5 ,ug/g creatinine group, which presented no signs of proximal tubular dysfunction, we explored further the relation between CdU and NAG-B in urine by a stepwise multiple regression analysis with the predictors age and the urinary excretion of Cd, lead, copper, and mercury. Again, CdU remained the only independent variable to be associated with NAG-B (partial r2 = 0-134; regression coefficient, 0-2; P = 0-003). This association between Association between NAG-B and cadmium in urine with no evidence of a threshold Figure 2 Correlation between the age adjusted activity ofNAG-B and the CdU concentration from 20 control subjects and 24 Cd smelter workers who excreted < 2 ,ug Cd creatinine.
-a 1-0 1. Our study shows that Cd excretion in urine Cadmium in urine (gg/g creatinine) is closely related to that of NAG-B-that is, the lesional form of NAG. The remarkable finding is that this association exists over the 'and Cd in urine was already apparent whole range of urinary Cd with no evidence of roup with CdU values < 2 flg/g creati-a threshold. Both variables are already corred was even stronger (partial r2 = 0-22; lated in what is presently considered to be the on coefficient, 0-31; P = 0-0001). A normal range of CdU for populations exposed Lnt influence of age, independent of only to environmental Cd. To our knowledge ilso emerged in this group (partial our study is the first to report an increased 17, regression coefficient, 0-013; P = NAG-B excretion in subjects exposed to Cd. Figure 2 shows the relation between Recently, Chia et al have studied the NAG ivity of NAG-B (age adjusted) and isoenzyme profiles in the urine of workers this group. exposed to lead. 25 They found a slight increase ugh confirming the lack of influence of NAG-B activity in exposed subjects but no on NAG-A excretion, the multiple difference in the total NAG activity. No doseon analysis performed in the group effect or response relation was found between dU < 5 ,ug/g creatinine showed the the NAG isoenzymes and the recent or time :e of positive associations between the integrated blood lead concentration. Total activity of NAG-A and age (partial NAG and NAG-B activities were significantly 088; regression coefficient, 0-06; P = higher in subjects with > 25% increase in the excretion of copper (partial blood lead over the past six months. This L5; regression coefficient, 054; P = study, however, did not examine the relations and lead (partial r2 = 0064; regres-between the NAG isoenzymes in urine and !fficient, 0 17; P = 0 045). These asso-the excretion of lead and more importantly were also found in the group with the relation of Cd, which emerges from our necrosis but also by apoptosis (programmed cell death). (responsible for the early DNA fragmentation that characterises apoptosis) or indirectly through an increase of intracellular free calcium through the inositol pathway.29
Necrotic and apoptotic cell deaths are distinct in both their mechanisms and implications.30 Necrotic death is the outcome of a cascade of events that lead to major alterations of the cell membrane permeability. As opposed to necrotic death, apoptotic cell death is a process whereby a cell is activated by various signals to undergo a programmed process of self induced death. It is a normal and widespread phenomenon in morphogenesis and cell development processes that necessitate cell deletion.31 Fragmentation of genomic DNA is an early and irreversible event that commits the cell to die and that is triggered by Ca2+ activated endonucleases.
The relative contributions of apoptotic and necrotic cell deaths in the tubular toxicity of Cd are largely unknown. One can logically suppose that necrotic cell death is the main mechanism responsible for signs of tubular damage or dysfunction that occur at CdU thresholds > 4,ug/g creatinine and result in an increased excretion of various constituents (including copper, table) derived from the plasma or kidney. Although its implication in the renal toxicity of Cd remains to be assessed, cell programmed death seems an attractive explanation for the increased NAG-B excretion found at lower concentrations of CdU.
